Endodontic persistent infections are often mediated by bacterial biofilms. is mode of bacterial growth is characterized by the presence of a matrix mainly composed of extracellular polymeric substances (EPSs) that protect the encased microorganisms. To establish better control and disinfection protocols, elucidation of the main components of biofilm matrices present in endodontic infections is required. e aim of the present study was to characterize the principal components of E. faecalis, A. naeslundii, and dual-species biofilm matrices by means of Raman spectroscopy and confocal scanning laser microscopy (CSLM) techniques. e total biomass of biofilms was quantified via crystal violet assays, and the monospecies biofilms showed higher biomass than the dual-species biofilms. Raman spectroscopy and confocal laser scanning microscopy were used to identify the biochemical composition and structure of the biofilm matrices. Spectra originating from the biofilms of two endodontic pathogens show the presence of carbohydrates, proteins, fatty acids, and nucleic acids in all samples; however, variation in the levels of expression of these biomolecules allows spectroscopic differentiation of the biofilms using principal component analysis. is study is the first attempt to identify the composition of monospecies and dual-species biofilms of endodontic origin. Our data provides an important approach to the understanding of molecular dynamics of endodontic infections.
Introduction
Microbiota diversity of persistent endodontic infections is very limited, and Gram-positive facultative bacteria are commonly isolated [1, 2] . Enterococcus faecalis and Actinomyces spp. represent two of the species most frequently isolated from specimens of this clinical condition [2, 3] . Both have the ability to form biofilms, which confers on them the ability to persist despite harsh environmental conditions such as root canal chemomechanical disinfection, intracanal medication, and even antibiotic therapy [4] .
e occurrence of biofilms in infected root canals and elsewhere has been widely reported; morphological investigations of teeth with primary or persistent apical periodontitis have revealed the presence of biofilms not only in the main root canal but also within anatomical variations including lateral canals, isthmuses, and apical ramifications [5, 6] . Extraradicular biofilms attached to the external surface of the root in case of endodontic treatment failure have also been described [7, 8] .
Bacterial biofilms are surface-associated communities that produce a variety of macromolecules. ese so-called extracellular polymeric substances (EPSs), such as polysaccharides, proteins, fatty acids, and extracellular DNA (eDNA) [9] , provide the structural and functional integrity of the biofilm matrix and are also involved in communication processes, genetic transfer, nutrition, and the interaction of the bacteria with their environment [10, 11] . e production and type of EPS is influenced by different factors such as bacterial species, environmental conditions, nutrient availability, adhesion surface, etc. [12] . ese factors are the origin of high diversity and multiple types of biofilms, and this heterogeneity is the main cause of the pathogenesis of many chronic and life-threatening infections [13] .
Since biofilm matrices vary greatly, many methods and techniques may be used to study their ultrastructure and chemical composition. Microscopy techniques such as scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM), and confocal laser scanning microscopy (CLSM) are among the methods employed to determine biofilm matrix structure [14] . Recently, CSLM has become a very popular and useful tool for in situ assessment of biofilm structure and detection of matrix components using different staining protocols [15] . However, chemical information provided by CSLM can be limited because of missing interactions between stains and compounds, and it is also an expensive and highly time-consuming technique.
Raman microscopy, a molecular vibration-based spectroscopic technique, is a powerful analytical tool for the study of biological materials. It allows rapid, in situ, noninvasive acquisition of chemical and structural information through the generation of fingerprint spectra. Ivleva et al., Popp and coworkers, and other research groups have employed Raman spectroscopy for chemical analysis of biofilms, differentiation of planktonic and biofilm cells, discrimination of diverse species of bacteria in biofilms, and monitoring metabolic characteristics under different physiologic states [16] [17] [18] [19] .
In the field of endodontics, a previous study used Raman spectroscopy to analyse the chemical compositions of E. faecalis biofilms in different physiological states in which the matrix components differed according to the growth phase [20] .
is study provided important information about monospecies biofilm composition; nevertheless, root canal infections are clearly mediated by monospecies, dualspecies, or multispecies biofilms [8, 12, 21] , and therefore it is necessary to investigate monospecies and dual species of different relevant root canal bacteria, especially those involved in persistent periapical pathosis. Data resulting from such studies could represent a valuable contribution to the establishment of a new understanding and the determination of strategies to prevent and eradicate biofilms from the root canal system. In this context, the present study was designed to combine Raman spectroscopy and confocal laser scanning microscopy techniques to obtain biochemical composition from monospecies and dual-species endodontic biofilms.
Materials and Methods

Bacterial Strains and
Media. E. faecalis and A. naeslundii strains, from persistent endodontic infections, were used. Samples were incubated inside an anaerobic chamber (85% N 2 , 10% H 2 , 5% CO 2 ; Coy Laboratory Products, Grass Lake, MI, USA). Identification was performed using specific agar media and API biochemical tests. Confirmation of the identity and antibiotic resistance was performed with the VITEK 2 automated system (BioMeriéux ® , Cambridge, MA, USA).
Biofilm Assays.
Biofilm assays were conducted based on a previously reported method [22] . After confirmation of the strain purity by Gram staining and colony morphology, a single colony of each bacterial strain was inoculated in 10 mL of brain heart infusion (BHI) and cultured overnight at 37°C. For the monospecies suspension, the cell density was 10 9 cells/mL (OD � 1, as measured using a Pharmacia LKB Ultrospec III spectrophotometer). A mixed microbial suspension was prepared in a sterile falcon tube from equal volumes of E. faecalis and A. naeslundii suspensions (OD � 1) to grow the dual-species biofilms. For the biofilm formation, a 0.2 mL inoculum was transferred to a 24-well polystyrene tissue culture plate (Sarstedt Inc., Newton, NC, USA) containing 1.8 mL of BHI, and the biofilms were then grown under static and anaerobic conditions (85% N 2 , 10% H 2 , 5% CO 2 ; Coy Laboratory Products Inc., Grass Lake, MI, USA) for 14 days. e growth media was replaced every second day to remove dead cells and provide nutrition.
For biofilm EPS visualization of each sample via CSLM, glass coverslips ( ermo Fisher Scientific, Waltham, MA, USA) were placed in a 24-well culture plate and grown in triplicate.
Biofilm Quantification Assay.
Formation of monospecies and dual-species biofilms was quantified using the crystal violet (CV) method [23] with slight modifications. E. faecalis, and A. naeslundii that had been grown overnight were diluted 1 : 100 in the BHI medium, and for each cell suspension, 200 µL was transferred to a sterile flat-bottomed 96-well polystyrene plate. For the dual-species biofilm, 100 µL of each cell suspension was added per well. After stationary anaerobic incubation at 37°C for 14 days, the broth was carefully aspirated, and then the wells were washed three times with 200 µL PBS and air-dried for 30 min at room temperature. e biofilms were then stained with 200 µL of 1% crystal violet, under constant agitation for 15 min at room temperature, and washed again with PBS (three times), and the bound crystal violet solubilized in 200 µL of 95% ethanol for 10 min. ereafter, the optical density (OD) was measured at 570 nm (OD 570 ) using a microtiter plate reader (Bio-Tek Synergy HT). Biofilm mass was expressed as OD 570 nm values. e assay was repeated three times.
EPS Identification via CLSM.
CLSM was used for the identification of EPSs within the biofilm matrix. After incubation for 14 days, the glass coverslips were washed twice with phosphate-buffered saline (PBS). Next, the biofilms were incubated in a staining mixture for 15 min in dark. Calcofluor and propidium iodide (Sigma-Aldrich Co. St. Louis, MO, USA) were used as fluorescent stains for polysaccharide and eDNA, respectively. Following this, the biofilms were washed in PBS to remove excess stain. Before the biofilms were completely dry, a mounting medium was applied. Confocal analysis was performed using an Olympus U-TB190 (100×) microscope objective under oil immersion. Confocal images of 1024 × 1024 pixels were acquired with Bio lm samples were transferred to quartz slides with a 10 µL inoculating loop. e smears were dried for 20 min with silica.
Spectroscopy Instrumentation and Measurement.
All Raman spectra were recorded using a Raman microspectrometer (ProRaman-L, Enwave Optronics Inc., Irvine, CA, USA). A 50× microscope objective (Leica Microsystems Inc., Bu alo Grove, IL, USA) was used, and the samples were excited using 45-50 mW of a 785 nm diode laser. e Raman signal was collected in the spectral interval 600-1800 cm −1 ; the integration time was 40 s, and spectral resolution was approximately 2 cm −1 . To record bio lm Raman spectra, on each smear of the quartz slides, a central focus point was selected, and around this centre, spectra were collected at ten points for each sample.
Spectral Preprocessing and
Analysis. Spectra were processed via customized Raman processing software [25] and Origin 8.0 (OriginLab Corp., Northampton, MA, USA). Each Raman spectrum was rst processed by using a median lter to remove cosmic rays and noise. Spectral intensities were normalized to the range of 0-1 arbitrary units, and an automated polynomial baseline correction method was applied. e Raman spectra were then analysed via multivariate techniques, namely, principal component analysis (PCA) and discriminant function analysis (DFA).
Results and Discussion
Bio lm quanti cation assay of the monoculture bio lms was compared to the dual-species bio lms. Both species E. faecalis and A. naeslundii had the ability to form bio lms under the experimental conditions. e criteria used to categorize bio lm formation capacity were based on the approach of previous researchers [26, 27] . According to them, both species can be categorized as "bio lm formers." Mean OD 570 nm values of monospecies bio lms were higher compared to the values of dual-species bio lms (Figure 1) . It has been reported that, for bacteria that grow similarly well in the monospecies model, slight decreases can be expected for both components when grown in dualspecies bio lms [28] . However, a recent study reported that when Gram-positive bacteria were cocultured with Gram negative, dual-species bio lms showed higher values compared to monospecies bio lms of Gram-negative bacteria [29] . It could be explained based on the fact that di erent bacterial cell-cell interrelation may exist when growing in cocultured bio lms, including competition, synergism, and nutrients availability [28, 30] .
Our ndings suggest the presence of the principal biomolecules that have been previously described as components of EPS bio lm matrices [11] . Furthermore, based on the intensity of the Raman bands, we were able to describe the EPS composition as dominated by a major protein fraction, with saturated fatty acids and polysaccharides occurring in a relatively smaller proportion, and a minor nucleic acid component.
is composition re ects the characteristic of a mature bio lm as previously reported by other authors [20, 31, 32] . In another Raman spectroscopic study, Huang et al. found that the amide I region was more intense in the stationary phase than in the exponential phase [33] . Liu et al. reported that changes in nucleic acid and protein bands re ected the physiologic state of E. faecalis bio lms [20] .
In the past, polysaccharides were considered to be almost the only structural component of the extracellular matrix, until further research elucidated another important structural biomolecule, eDNA [33] . us, in the present study, both components were characterized by means of CLSM. Calco uor was used to perform polysaccharide staining, and propidium iodide for eDNA staining. CLSM images revealed the presence of polysaccharide clumps and eDNA bres as components of the bio lm matrix. Mushroom-shaped structures and water channels, characteristics of mature bio lms, were also identi ed [34] . It has been proposed that eDNA can play distinct roles: rst, as an adhesin in the early stages of bio lm formation, and second, as a structural component of the mature bio lm [35] [36] [37] . Figure 2 shows CSLM images of the developed bio lms at a mature stage, in which the presence of polysaccharides and eDNA as EPS matrix components was observed.
In spite of the similarity of the spectra of the different biofilms and the fact that both are Gram-positive bacteria, a PCA-DFA canonical plot of the Raman spectral profile data for the three biofilms suggests that E. faecalis, A. naeslundii, and the dual-species biofilm have extracellular matrices with different biochemical compositions; the cross-validation value was 95.1%. e main spectral differences are noticed in the spectral bands around 1270-1335 cm −1 and 1000-1125 cm −1 /800-980 cm −1 , which are assigned to protein and polysaccharides biomolecules, respectively (Figures 3(a) and 3(b) ).
In a previous research, we found that biochemical composition among these biofilms species varies significantly from monospecies to dual species [38] . A major fraction of polysaccharides, proteins, and fatty acids was identified in the monospecies biofilms compared to those in the dual-species biofilms [38] . ese results indicate that the two species influence each other at the biochemical level, and further data support the synergistic action between these two endodontic pathogens [39] . Figure 3(b) shows Raman spectra of the EPSs extracted from the three samples. Raman bands were assigned and interpreted based on previous research [15, 17, 40, 41] . Functional groups from the main biomolecules were identified ( Figure 4 ). e bands in the region of 790-950 cm −1 can be attributed to side-group deformations (COH, CCH, and OCH) in biofilm-specific polysaccharides [15] . Raman spectra of the EPS fractions of the three biofilm samples showed variation in this region; the E. faecalis spectra were particularly different. Biofilm polysaccharides can vary greatly in their composition, which is mostly defined by factors such as genetic profile and environmental growth conditions. In Gram-positive cells, the presence and chemical structure of many rhamnose-containing cell-wall polysaccharides (RhaCWP) has been known for decades.
e bands observed at 880-980, 1055, and 1075 cm −1 could be tentatively assigned to a combination of vibrational modes of rhamnose, galactose, and glucose [40] . Previous studies have reported the presence of these saccharides as part of E. faecalis as well as Actinomyces spp. [42] [43] [44] .
e bands in the 1075-1125 cm −1 region can be assigned to the C-C and C-N stretching vibration contributions [15, 18, 19] . Amide I (the 1640-1680 cm −1 stretching vibration of C�O) and amide III (1250 cm −1 , associated with C-N stretching and N-H bending) bands were detected in the three biofilm spectra; however, the intensities of the bands varied significantly among them.
e A. naeslundii spectra show an intense band around 1300 cm −1 (amide III), but this has also been assigned to the amino acid side-chain mode of tryptophan. It has been demonstrated that proteins contribute to initial adhesion and stability of the bio lm matrix [44] . us, there is a possibility that the bands related to proteins could represent lectins and amyloid-like proteins, a group of proteins that have been identi ed in many species implicated in bio lm formation [44] [45] [46] . ese molecules can recognize carbohydrates in bio lm matrices and promote cell-to-cell communication. Raman spectra of lyophilized lectins show some bands at di erent positions, for instance, those around 1667 cm −1 and 1236 cm −1 , in the amide I and amide III bands, respectively [47] . Amyloids are involved in the building and stability of bio lm matrices.
e term "amyloid" describes β-sheet-rich protein aggregates, which exhibit Raman bands mainly in the amide I (1665-1680 cm −1 ) and amide III (1246-1270 cm −1 ) regions [47, 48] . All of these bands were observed in the EPS samples analysed in the present study.
Since 2002, the functional role of eDNA in bio lm formation and structural integrity has been established [36] , and the presence of bands attributable to the DNA backbone has been reported in previous research on bio lms [20] . Our ndings reveal the presence of small bands around 728, 780, and 785 cm −1 , assigned to adenine, cytosine, and uracil, respectively [15] . Moreover, a band at 1575 cm −1 characteristic of guanine and adenine ring stretching [17] was identi ed in all our EPS samples.
e most distinctive features of the Raman spectra of lipids are related to the presence of the hydrocarbon chains, and for all lipids, these can be observed in the following regions: 1500-1400, 1300-1250, and 1200-1050 cm −1 , which is in the ngerprint region [49] . In the present study, bands around 1445 and 1500 cm −1 assigned to scissoring vibrations of the CH 2 group were identi ed. Furthermore, the Raman band at 1300 cm −1 , attributed to the twisting vibration of the CH 3 group, is particularly intense in the spectrum of palmitic acid [49] .
e presence of fatty acids has been reported in bacterial biofilms, especially saturated fatty acids [15, 18, 26] . Moreover, in a fatty acid profile of the initial oral biofilm, palmitic (16 : 0), stearic (18 : 0), oleic (18 : 1n9c), and erucic (22 : 1n9c) acids were detected [50] . ese fatty acids have intense bands in the 1400-1500 cm −1 region due to the CH 2 /CH 3 deformation modes, similar to bands found in our study [15, 51] .
Conclusions
As a preliminary study, our results showed variations in wave shape confirming the difference in the chemical composition of analysed biofilms, although more data are obviously required on the biofilm molecular composition when grown on biological surfaces including dentin or hydroxyapatite. It is of interest to examine metabolic activities of bacteria during the maturation of the biofilm process, especially in mixed populations where interspecies interactions show different chemical behavior [29, 38] .
Raman spectroscopic and CSLM technique allowed the biochemical and structural characterization of monospecies and dual-species biofilm matrices. Our results provide valuable information about EPS matrix components of relevant biofilm-forming endodontic bacteria, elucidating the variability and complexity that prevail in microbial communities. ese data represent the first approach, and further research will be necessary to confirm and clearly identify the EPS components that we tentatively identified in this study.
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